Using a portable total-reflection X-ray fluorescence (TXRF) spectrometer with a collodion film sample holder, a spectrum of an analyte containing 50 ng of aluminum was measured. The Al Kα line (1.49 keV) that partially overlaps with the Si Kα line (1.74 keV) from a quartz glass substrate usually used as a sample holder for TXRF analysis, was clearly detected when using the collodion film sample holder. To investigate the quantitative performance of the portable spectrometer with a collodion film sample holder, the concentrations of Cr, Mn, and Fe in a certified reference material of river water (JSAC 0302-3b), whose certified values are 10.0, 5.1, and 59.6 μg/L, respectively, were determined by the internalstandard method. We showed that approximate concentrations of these elements were determined.
Introduction
Total-reflection X-ray fluorescence (TXRF) analysis [1] [2] [3] is useful for trace elemental analysis of solution samples. A dry residue of a solution sample is needed to be prepared on a sample holder in order to perform the measurement. In TXRF analysis, the spectral background is reduced when a high reflectivity of the incident X-ray beam is obtained on the sample holder. This is because the scattering of incident X-rays from the sample holder that reaches an X-ray detector is reduced. The reflectivity of the incident X-rays on the sample holder increases with improvements in surface flatness and smoothness. A polished quartz glass substrate is usually used as a sample holder in TXRF analysis of solution samples because its surface is flat and smooth enough to obtain high X-ray reflectivity. However, it cannot be used as a disposable sample holder because it is expensive, and it is needed to be cleaned for re-use. A large number of quartz glass sample holders are needed in order to rapidly measure spectra of a large number of sample solutions. A strong Si Kα line (1.74 keV) from a quartz glass substrate appears in a TXRF spectrum when using it as a sample holder. Furthermore, the Si Kα line partially overlaps with the Al Kα (1.49 keV) and P Kα (2.02 keV) lines. Therefore, it is difficult to detect trace amounts of Al, Si, and P when a quartz glass sample holder is used. The use of a disposable sample holder consisting of a low-cost silicon-free material makes it possible to rapidly measure spectra of a large number of sample solutions and to improve the detection limits for Al, Si, and P. For example, an acrylic resin plate can be used as a disposable sample holder. Schmitt et al. 4 used Perspex as a sample holder for TXRF analysis. Polymer films can also be used as a disposable sample holder; some of them are commercially available. Hoffmann et al. 5 performed TXRF analysis using a Mylar film placed on a quartz glass substrate as a sample holder. Yamaguchi et al. 6 reported that the use of a silicon wafer sample holder covered with a polyester film is more useful for detecting the Al Kα and P Kα lines than a silicon wafer sample holder. Recently, we have used collodion film as a sample holder 7 for a portable TXRF spectrometer. 8 Because a collodion film sample holder can be produced at low cost, it can be used as a disposable sample holder. The spectral background when using a collodion film sample holder was as low as that when using a diamondlike carbon (DLC) coated quartz glass sample holder 9 usually used as a sample holder for the portable spectrometer. The area of the dry residue of a sample aqueous solution on DLC can become smaller than that on quartz glass because DLC is more hydrophobic. Therefore, the use of a DLC coated quartz glass sample holder can enhance the intensities of fluorescent X-rays that reach the X-ray detector compared with the use of a quartz glass sample holder. The weak scattering of incident X-rays from the thin collodion film sample holder would lead to the low spectral background. A detection limit for chromium obtained with the collodion film sample holder was as low as that obtained with the DLC sample holder. Using the portable spectrometer with this disposable sample holder enables one to perform on-site analysis of a large number of solution samples without cleaning a sample holder or providing a large number of sample holders. In the present study, we demonstrated the measurement of a spectrum of an analyte containing 50 ng of aluminum using a portable spectrometer with a collodion film sample holder, and we showed that the use of this sample holder improved the detection limit for aluminum compared with the use of a DLC coated quartz glass sample holder. The concentrations of Cr, Mn, and Fe in a river water sample were determined, and we showed that using the portable spectrometer with a collodion film sample holder made it possible to perform on-site screening for samples that are needed to be accurately analyzed by a stationary analyzer.
Experimental

Apparatus
The details of the portable TXRF spectrometer were reported elsewhere, 8 and a brief summary of them is presented here. An X-ray tube 50 kV Magnum (Moxtek Inc., Orem, UT) with a tungsten target was operated at 5 W (tube voltage: 25 kV, tube current: 200 μA). The characteristic X-rays and continuum X-rays from the X-ray tube were incident on the sample holder on which the dry residue of a solution sample was present, and the incident beam was collimated by an X-ray waveguide as a collimator. A glancing angle of the incident beam was set to 0.04 by tilting the sample holder. X-ray fluorescence spectra were measured by a Si-PIN detector X-123 (Amptek Inc., Bedford, MA) with an effective detection area of 13 mm 2 . The measurements were performed in air for 600 s.
Sample preparation
Collodion film was used as a sample holder for measurements. The method for preparing a collodion film sample holder was described elsewhere; 7 it is briefly summarized here. After a solution containing 2% of pyroxylin was prepared by diluting collodion (10%) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) with 3-methylbutyl acetate, 5 μL of the solution was dropped on distilled water. A collodion film formed on distilled water was attached to an acrylic resin plate with a hole. This acrylic resin plate had a length of 3 cm, a width of 3 cm, and a thickness of 5 mm, and the hole size was about 1.5 × 1.5 cm 2 . Finally, the collodion film attached to the acrylic resin plate was dried. A DLC coated quartz glass substrate that a 1-μm thick DLC film was coated on a quartz glass substrate (Sigmakoki Co., Ltd., Hidaka, Japan) with a length of 30 mm, a width of 30 mm, and a thickness of 5 mm; a flatness of λ/20 (λ = 632.8 nm) was used as a sample holder for the measurement of an analyte containing 50 ng of aluminum, as shown below. This DLC coating was performed by Nanotec Co. (Kashiwa, Japan).
A 1-μL drop of a 50 mg/L aluminum standard solution was placed and dried on a collodion film sample holder in order to prepare an analyte containing 50 ng of aluminum. The dry residue of 1 μL of the 50 mg/L aluminum standard solution was also prepared on the DLC sample holder. The 50 mg/L aluminum standard solution was prepared by diluting a 1000 mg/L aluminum standard solution (Wako Pure Chemical Industries, Ltd.) with ultra-pure water for ultra-trace analysis (Wako Pure Chemical Industries, Ltd.). To prepare an analyte containing 1 ng each of Cr and Fe, 1 μL of a standard solution containing 1 mg/L each of these elements, which was prepared from 1000 mg/L standard solutions of Cr and Fe (Wako Pure Chemical Industries, Ltd.) and ultra-pure water, was dropped and dried on a collodion film sample holder. An analyte containing 1 ng each of Mn and Co was prepared by dropping and drying 1 μL of a standard solution containing 1 mg/L each of Mn and Co on a collodion film sample holder. The standard solution containing 1 mg/L each of these elements was prepared from 1000 mg/L standard solutions of Mn and Co (Wako Pure Chemical Industries, Ltd.) and ultra-pure water. A certified reference material of river water (JSAC 0302-3b) 10 and a 1 mg/L cobalt standard solution were mixed in a volume ratio of 9:1. The certified values for Cr, Mn, and Fe in JSAC 0302-3b were 10.0, 5.1, and 59.6 μg/L, respectively. Cobalt was used as the internal-standard element. Ten microliters of a river water sample containing 0.1 mg/L of cobalt was dropped and dried on a collodion film sample holder; this dropping and drying process was repeated three more times. A total volume of 40 μL of the river water sample was dried on the sample holder.
Quantitative analysis and calculations of detection limits and limits of quantitation
The internal-standard method 2,3 was employed for determining the concentrations of Cr, Mn, and Fe in JSAC 0302-3b. The concentration of the analyte element i in the river water sample containing 0.1 mg/L of cobalt (Ci) was determined by using the following equation:
where Cs is the concentration of the internal-standard element (μg/L), Ss is the relative sensitivity for the internal-standard element, which is defined as 1, Si is the relative sensitivity for the analyte element, and INet,s and INet,i are the net intensities (counts) of the Kα lines of the internal-standard element and analyte element, respectively. Because JSAC 0302-3b and the 1 mg/L cobalt standard solution were mixed in a volume ratio of 9:1 as described above, the concentration of the analyte element i in JSAC 0302-3b was determined by dividing Ci by 0.9. The net intensities of the Cr Kα, Mn Kα, Fe Kα and Co Kα lines, which were obtained from measurements of the analyte containing 1 ng each of Cr and Fe and that containing 1 ng each of Mn and Co, were used for determining the relative sensitivities for these elements. Because cobalt was used as the internalstandard element for determining the concentrations of trace elements in JSAC 0302-3b, the relative sensitivity for cobalt was defined as 1. The relative sensitivities for Cr, Mn, and Fe were calculated by the following equation:
where mCo and INet,Co are the mass (ng) of cobalt and the net intensity of the Co Kα line (counts), respectively and mj and INet,j are the mass (ng) of the element j ( j = Cr, Mn, or Fe) and the net intensity of the Kα line of the element j, respectively. The detection limit (DLi) and the limit of quantitation (LOQi) for the analyte element in JSAC 0302-3b were calculated using the following equations:
LOQi c,i
where CC,i is the certified value of the analyte element (μg/L) and IBG,i is the background intensity of the Kα line of the analyte element (counts). When the detection limit for aluminum was calculated, CC,i in Eq. (3) was replaced with the mass (ng) of aluminum in an analyte. The net intensity of an X-ray fluorescence peak was determined by subtracting the background intensity from the gross intensity that was a sum of counts in the region of interest (ROI) for the peak. The background intensity was defined as the area under a straight line drawn from the left edge to the right edge of the ROI. Figure 1 shows a spectrum of a collodion film sample holder and those of the analytes containing 50 ng of aluminum on the DLC sample holder and on a collodion film sample holder. The Ar Kα lines in Fig. 1 were attributed to air containing 0.9% of argon. The W L lines originated from the tungsten target X-ray tube. A small peak was observed at around 1.7 keV in Fig. 1a ; the origin of this small peak was unclear. The Fe Kα lines in Figs. 1a, 1b, and 1c and the Ni Kα line in Fig. 1b would be attributed to a component in the portable spectrometer. Because the intensities of the Ni Kα lines in Figs. 1a and 1c were higher than that in Fig. 1b , there was a possibility that the Ni Kα lines in Figs. 1a and 1c were from both a component in the portable spectrometer and contamination during preparation of the collodion film sample holders. The Ca Kα line was clearly detected in Fig. 1b , and it would be from contamination during sample preparation. As shown in Fig. 1b , the Si Kα line from the quartz glass substrate partially overlapped with the Al Kα line. Although a small peak was observed at around 1.7 keV, as shown in Fig. 1a , the intensity of this peak was much lower than that of the Si Kα line in Fig. 1b . Therefore, as shown in Fig. 1c , the Al Kα line was clearly detected when using the collodion film sample holder. A detection limit for aluminum obtained from Fig. 1b was 7 ng, and that obtained from Fig. 1c was 4 ng. A detection limit for aluminum reported by Misra et al., 11 which was obtained from the measurement of a multi-element standard solution in air using a TXRF spectrometer with an X-ray tube operated at 1.2 kW (tube voltage: 40 kV, tube current: 30 mA) and a quartz sample holder, was 4412 pg. The detection limit obtained with the 5 W X-ray tube and collodion film sample holder was as low as that obtained with the 1.2 kW X-ray tube and quartz sample holder. The use of a collodion film sample holder may lead to an improvement in the detection limit for aluminum by a TXRF spectrometer with a high power X-ray source. Fig. 2, 1 ng each of Cr, Mn, Fe, and Co were detected, and the net intensities of the Kα lines of Cr, Mn, Fe, and Co were 3656 counts, 4774 counts, 5807 counts, and 3937 counts, respectively. Because a small iron peak that will not originate from the sample solution is usually detected, as shown in Fig. 1 , when measurements are performed by the portable spectrometer, the net intensity of the Fe Kα line in Fig. 2a (INet,Fe2a) was calculated using the following equation:
Results and Discussion
where IGross,2a is the gross intensity of the Fe Kα line (counts) in Fig. 2a , IBG,2a is the area under a straight line drawn from the left edge to the right edge of the ROI for the Fe Kα line (counts) in Fig. 2a , and INet,1a is the net intensity of the Fe Kα line in Fig. 1a (counts). Figure 3 shows a spectrum of the river water sample containing 0.1 mg/L of cobalt as the internal-standard element. The net intensity and background intensity of the Fe Kα line in Fig. 3 were calculated as described below. The intensity of the background of the Fe Kα line in Fig. 3 (IBG,Fe3) was calculated using the following equation:
where IBG,3 is the area under a straight line drawn from the left edge to the right edge of the ROI for the Fe Kα line in Fig. 3 (counts). The net intensity of the Fe Kα line in Fig. 3 was calculated by subtracting the background intensity calculated using Eq. (6) from the gross intensity. Detection limits for Cr, Mn, and Fe obtained from Fig. 3 were 5, 5, and 5 μg/L, respectively. Limits of quantitation for Cr, Mn, and Fe obtained from Fig. 3 were 15, 16, and 15 μg/L, respectively. The limit of quantitation for iron was lower than the certified value of 59.6 μg/L. A concentration of iron in JSAC 0302-3b determined by the internal-standard method was 52 μg/L, and the relative error between the certified and quantitative values was 13%.
The certified values for Cr and Mn were lower than the limits of quantitation for Cr and Mn, respectively. However, the certified value for chromium was about two-times as high as the detection limit, and the certified value for manganese was slightly higher than the detection limit. Therefore, the concentrations of Cr and Mn in JSAC 0302-3b were also determined. where IGross, i is the gross intensity (counts) of the Kα line of the analyte element and IGross,s and IBG,s are the gross intensity (counts) and the background intensity (counts) of the Kα line of the internal-standard element, respectively. The calculated relative standard deviations for Cr and Mn were 22 and 44%, respectively. This result indicates that the relative standard deviation becomes larger as the concentration of the analyte element approaches the detection limit. However, the use of this disposable sample holder makes it possible to determine approximate concentrations of Cr, Mn, and Fe at μg/L levels.
Conclusions
A certified reference material of river water (JSAC 0302-3b) was analyzed by a portable TXRF spectrometer with a collodion film sample holder. The quantitative values of Cr, Mn, and Fe in JSAC 0302-3b were near the certified values of these elements, respectively. A collodion film sample holder was more useful for the detection of aluminum than a DLC sample holder usually used as a sample holder for the portable spectrometer. A method for trace elemental determination using the portable spectrometer with a collodion film sample holder makes it possible to perform on-site screening for sample solutions needed to be accurately analyzed by a stationary analyzer.
